In mammalian cells, DNA polymerase z (Pol z) catalyzes the TLS step of ICLR. By acting simultaneously with Yfamily DNA polymerase, Pol z completes replication of damaged DNA without removing the damage by inserting a nucleotide opposite the lesion. It has been demonstrated that Pol z represents a promising target for the treatment of chemotherapy-resistant tumors. The first series of small-molecule inhibitors targeting REV7/ REV3L interaction have been identified recently, however, their corresponding binding mechanism is not known. Herein, we performed docking, molecular dynamics and MM/PBSA free energy calculations to study the binding mechanism of REV7 and its inhibitors. It was demonstrated that inhibitors bind to the two pockets divided by the 'safety-belt' structure of REV7, which was supported by the MD simulation. In addition, 2-methylfuran is an important group with an appropriate size to form the stable complex, and hydrophobic contacts were mainly responsible for stable complex formation as revealed by free energy calculation.
Introduction
DNA interstrand crosslinks (ICLs) are highly toxic DNA lesions that covalently link two bases on the complementary strands of DNA to prevent transcription and replication by inhibiting DNA strand separation.
1 Agents that induce ICLs were one of the earliest chemotherapeutic drugs which are still widely used (e.g., Cisplatin). Mammalian cells have extensive mechanisms for ICL repair (ICLR), which include nucleotide excision repair (NER), translesion DNA synthesis (TLS) and homologous recombination (HR).
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TLS releases the DNA replication blockage by replacing the stalled replicative polymerase with a DNA polymerase specialized for TLS. It is generally considered that TLS includes two steps performed by at least two types of TLS polymerases, namely inserter and extender polymerases. 4, 5 In the rst step, a Y-family DNA polymerase such as Pol h, Pol k, Pol i and REV1 functions as inserter polymerase, incorporates a nucleotide opposite the DNA lesion instead of the stalled replicative polymerase at the damage site. 6 In the second step, Pol z functions as extender polymerase, which extends a few additional nucleotides before a replicative polymerase restarts DNA replication.
7
Human Pol z is composed of two subunits, REV3L and REV7. REV3L is a large 350 kDa catalytic subunit and is classied as Bfamily DNA polymerase. REV7 is a small 24 kDa non-catalytic subunit of Pol z and interacts with the central region of REV3L, and the interaction is indispensable for the cellular function of REV3L. 8 Pol z is an important determinant of tumor resistance to chemotherapeutic agents in several types of human cancers. [9] [10] [11] [12] [13] Pol z expression can be used as the predictor for poor prognosis, which might be caused by the potential chemoradiation resistance of the cervical cancer patients.
14 Furthermore, downregulation of REV3L expression signicantly enhanced the sensitivity of human cancer cells to cisplatin therapy. 10, 15 Therefore, Pol z represents a promising target for the treatment of chemotherapy-resistant tumors.
The large size of human REV3L impedes the development of REV3L inhibitors, as it is difficult to produce REV3L for enzymatic assays, as well as 3D structural elucidation of the fulllength REV3L protein. However, crystal structures of the complex of REV7 with the REV3L(1874-1893) fragment have been determined, 8, [16] [17] [18] which enable the development of small molecules targeting the protein-protein interaction. Structurally, the most notable feature of this interaction is that a portion of the REV3L(1874-1893) is inserted into the bridge-like 'safetybelt' structure of REV7 (Fig. 1) .
8,17,18
In 2016, Fujii et al. conducted a HTS to screen compounds that can inhibit the REV7/REV3L interaction, which resulted in the discovery of compound 1 (Fig. 2) , an inhibitor of the interaction of REV7 with the REV7-binding sequence of REV3L. 19 In the thermal shi assay, compound 1 showed a clear shi in the denaturation point of the His-REV7(R124A)/REV3L(1847-1898) complex, suggesting that compound 1 exchanged with REV3L(1847-1898) in the complex but was not nonspecically bound on the complex. The pull-down assay also indicated that both compound 1 and REV3L(1875-1895) can exchange with the biotin-AviTagREV3L(1846-1898) in the complex, resulting in the release of His-REV7(R124A) from the beads. Both assays conrmed that compound 1 is a true inhibitor of the REV7-REV3L(1875-1895) interaction. However, the IC 50 of 1 is more than 100 mM. With 1 as a lead compound, its analogs 2-17 ( Fig. 2) were synthesized and evaluated for REV7/REV3L interaction inhibition. Compound 7, 13, 14 and 15 exhibited a better activity than 1. Compound 7, with an IC 50 of 78 mM, was selected for further investigation. It was demonstrated that 7 bound directly to REV7 in nuclear magnetic resonance analyses, and inhibited the reactivation of a reporter plasmid containing an ICL in between the promoter and reporter regions. Furthermore, the normalized clonogenic survival of HeLa cells treated with cisplatin and compound 7 was lower than that for cells treated with cisplatin only.
The study indicated that a small-molecule inhibitor of the REV7/REV3L interaction can chemosensitize cells by inhibiting ICLR. However, as the rst series of REV7 inhibitor, the binding mechanism of the inhibitor to REV7 is not known. Herein, we performed molecular docking, molecular dynamics, and binding free energy calculation to understand the binding mechanism of the inhibitors to the receptor, which will facilitate further design and development of more potent inhibitor targeting REV7/REV3L interaction.
Materials and methods

Protein and ligand preparation
The complex of REV7/REV3L was obtained from the RCSB Protein Data Bank (http://www.rcsb.org) with entry code 4gk0, and only the chain A was kept for further study. 16 Three missing residues (107-109 aa) which are far from the REV7/REV3L binding interface were built by the 'Model Loops' module of Chimera 1.11.2, 20 which was subjected to 3Drene 21 for structural renement and the resulting structure was used for docking study. All of the 3D structure of small molecules were built and energy minimized using Avogadro v1.2.0.
Molecular docking
AutoDock 4.2.3 program package was used for molecular docking. AutoDock Tools 1.5.6 (ADT) was used to prepare the PDBQT le format of ligands and protein. 23 The docking calculations were performed by locating a 100 Â 100 Â 66 points grid map and with a 0.375Å grid point spacing which covers the entire interface of REV3L/REV7. 250 independent docking runs were performed for each docking simulation with 2 500 000 energy evaluations for each run. Other docking parameters were set to default. In docking calculations, the Fig. 1 The complex of REV7 and REV3L fragment. REV7 was showed as surface except for 'safety-belt' (red). REV3L(1874-1893) fragment was showed as green (PDB ID: 4gk0). obtained poses were ranked using an energy-based scoring function. Aer all outputs were clustered based on the root mean squared deviation (RMSD) values, the top pose of docked ligands with the lowest energy in the biggest cluster were saved. For all docking analyses, only the best-scored pose was taken into account.
Molecular dynamics simulation
MD simulation of the interested complexes were carried out using GROMACS 2016.1 package. 24 Autodock generated docking conformation of REV7-ligand complexes with lowest binding energy were taken as the initial conformation for MD simulation. The protein was processed by Gromacs with AMBER99SB force eld 25 to generate coordinates and topology les. The ligands were parameterized using a general amber force eld (GAFF) 26 with ACPYPE soware, 27 and AM1-BCC charge model 28, 29 was used to assign charges to the ligands (the GAFF parameters for ligands generated by ACPYPE are provided in the ESI †). The complex was immersed in a dodecahedron box of TIP3P water molecules using a solute-box distance of 1.0 nm, and periodic boundary condition was used. Energy minimization was performed using the steepest descent method of 10 000 steps followed by the conjugate gradient method for 10 000 steps to release conicting contacts. Aer applying position restraints on protein and inhibitors, NVT equilibration was done at 300 K and 100 ps of run followed by NPT equilibration of 100 ps with Parrinello-Rahman barostat at reference pressure of 1 bar. Aer equilibration, production MD run was performed for 20 ns for each complex. Particle-mesh Ewald algorithm was used for longrange electrostatic interactions, and short-range electrostatics and van der Waals cutoffs were set at 1.4 nm. The atomic coordinates were recorded every 10 ps during the MD simulation. Representative structures were chosen by RMSD-based conformational clustering with the gromos algorithm. All the structural images were generated using Pymol 1.8.
Binding free energy calculation
The Molecular Mechanics/Poisson-Boltzmann Surface Area (MM/PBSA) method 31 is the widely used method for binding free energy calculations from the snapshots of MD trajectory. The binding free energies of the complexes between ligands and REV7 were analyzed during equilibrium phase by taking 200 snapshots at an interval of 50 ps from 10 to 20 ns MD simulations using the g_mmpbsa tool.
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Results and discussions
Molecular docking
In the present study, we applied the molecular docking to gain structural insight into the binding modes of REV7 and its inhibitors. There are 16 analogs (2-17) of compound 1 which were synthesized and evaluated for REV7/REV3L interaction inhibition. The activity results were classied as active, 'modest' and inactive according to the literature (Table 1) . For comparison, all of the compounds were docked into the REV7 at the REV3L-binding domain. As there is a chiral center in 14 and 15, both the R and S congurations were investigated in the following studies. The binding energy for each compound was calculated by Autodock and summarized in Table 1 . It was demonstrated from the table that the active compounds (7, 13, 14R/S, 15R/S) have an overall lower binding energy. 'Modest' and inactive compounds 1, 2, 4, 6, 8, 9, 12, 16 and 17 have a higher binding energy than all of the active compounds, while only 3, 5, 10 and 11 have a comparable or lower binding energy than the active compounds.
To better analyze the binding pose, we designated the REV7/ REV3L interface as two pockets (Fig. 3A) . By positioning the Cterminal to the top and N-terminal to the bottom, with the 'safety-belt' faced with the viewer, the entire groove was divided by the 'safety-belt' (red) as two pockets. The le pocket was named as pocket 1, while the right one as pocket 2. As shown in Fig. 3B , the active compounds 13, 14R/S, 15R/S share similar binding pose, while 7 overlapped with them by 2-methylfuran moiety, with its N-acetylpiperidine group projected to another direction. Another important feature is that all of the active compounds occupied both the pocket 1 and pocket 2. Inactive compounds 3, 5 and 10 or 'modest' compound 11 have comparable or lower binding energy than the active compounds, but 5, 10, 11 have different binding poses with the active compounds, only compound 3 has a good overlap with 7 (Fig. 3C) . The other "modest" or inactive compound 1, 2, 4, 6, 8, 9, 12, 16 and 17 have a higher binding energy, which is consistent with its experimental activity.
By further analyzing the binding mode of compound 1, 3 and 7, we would like to explain the binding process as follow. As shown in Fig. 3D-F , there is a narrow hole (hereaer termed as . According to the inhibition results in different concentration, the activity was classied as 'active': compounds inhibit REV7 at 100 mM; 'modest': compounds inhibit REV7 at 300 mM; 'inactive': compounds didn't inhibit REV7 at 300 mM.
'throat') between pocket 1 and pocket 2. The uncomplexed 'safety-belt' is a highly exible region which is the major reason that uncomplexed REV7 has not been solved until now. An effective inhibitor must pass through the 'throat' when the 'throat' is in an open state. Aer passing through the 'throat', pocket 1 and pocket 2 are both occupied by the ligand, then the receptor-ligand forms a stable complex, with the 'throat' shrinking to a close state to avoid the dissociation of ligand from the receptor. All of the active compounds have a 2-methylfuran group, and the methyl group is vital to the activity.
Comparison of compounds 1, 3 and 7 indicated that 1, 3 and 7 can pass through the 'throat' from pocket 2 to pocket 1, compound 7 can form stable complex while 1 and 3 with less steric hindrance can more easily retreat back from the 'throat' to pocket 2. 'Modest' compound 8 and 9, with a larger group on furan, are probably less likely to even pass through the 'throat'. When REV3L fragment binds to REV7 and forms a stable complex, it should also undergo such 'insertion-shrink' process. But the REV3L fragment is linear and exible, its binding to REV7 can be reversible by retreating from the 'throat', as demonstrated by previous results that inhibitor and REV3L(1875-1895) can exchange with the biotin-AviTagREV3L(1846-1898) in the complex. Although the 3D structure of REV7 complexed with REV3L is relatively a closed state compared with un-complexed REV7. It is reasonable to use the REV3L-binding REV7 in a closed state for docking, as the complex of REV7 with an effective smallmolecule ligand should also undergo a conformation change to form a stable complex. The obtained binding pose and the activity result for each compound can be reasonably explained by the proposed binding process, which will be further investigated by MD simulation.
Molecular dynamics simulation
Stability of REV7-ligand complexes. To gain insights into the structure and thermodynamics of complex biological systems, 20 ns MD simulation were performed for complexes of REV7 with active compounds 7, 13, 14R/S and 15R/S. To evaluate the reliable stability of the MD trajectories, the root mean square deviation (RMSD) values of the REV7 backbone atoms relative to the initially minimized structure through the phase of the simulation were calculated (Fig. 4) . All of the complexes reached equilibrium aer 10 ns of the simulation phase, which showed that the trajectories of the MD simulations for all of the complexes aer equilibrium are reliable for further analyses. Free energy calculations. The MM/PBSA approach for binding free energy calculation has grown to be one of the most widely used methods to compute interaction energies and is oen employed to study biomolecular complexes.
33 g_mmpbsa has been proved to be an effective tool which can be used to estimate the relative binding free energy as well as provide a decomposition of the residue contribution to binding.
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In our study, 200 snapshots were extracted at every 50 ps of stable intervals from 10-20 ns MD trajectory. The binding free energy and its corresponding components obtained from the MM/PBSA calculation of the REV7-inhibitor complexes are listed in Table 2 . As shown in the table, all of the active compounds with comparative activity have close binding free energies and the difference of binding energies between R and S conguration for 14 and 15 are not obvious. It was found that according to free energy calculations, hydrophobic contacts (vdW energy) are a key to REV7 inhibition by this series of inhibitors.
The contribution of residues to the binding energy are also calculated by the g_mmpbsa tool and was shown in Fig. 5 . It was demonstrated that residues Leu149, Met160, Ile163, Phe169, Trp171, Ile172, and Leu173 are the key residues for most of the active compounds binding to REV7. It has been demonstrated that Trp171 in REV7 are crucial for the physical interaction with REV3L by previous in vitro binding assays using alanine mutants of REV7, 8 which is consistent with our result that Trp171 contributes the most binding energy for all of the active compounds.
Interactions between inhibitors and REV7. The interactions between inhibitors and REV7 of each simulated system were investigated in detail with the equilibrium trajectories of MD simulations. 500 snapshots extracted from the last 10 ns equilibrium trajectory with an interval of 20 ps were clustered, and the center structure of the biggest cluster was selected as the representative conformation of each simulated system. All the 6 representative complexes are compared with its initial structure to analyze the conformational change of the complexes (Fig. 6) . As shown in the gures, 'safety-belt' in all complexes exhibited a big uctuation. In 7 and 15R complexed REV7, the 'safety-belt' moved toward the pocket 1, while in 13, 14R, 14S and 15S complexed REV7, it moved toward the pocket 2. In all of the cases, the ligands occupied both pocket 1 and pocket 2, without skidding out to one pocket through the 'throat'. 2D schematic diagrams of protein-ligand interactions for the representative MD simulated complexes are shown in Fig. 6B, D , F, H, J and L. At least one hydrogen bond was formed for all of the complexes, and in the complex of REV7 with 13, four hydrogen bonds were formed. However, hydrophobic contacts still play the major role in the protein-ligand interaction.
Molecular dynamics simulations of pharmaceutically relevant protein targets in complex with (putative) ligands have Fig . 5 The contribution of residues to the binding energy for active compounds.
provided useful information in drug design, and several examples using MD simulations for the drug design have been reviewed. 35 In this study, molecular dynamics was used for validation of predicted binding mode. All of the complexes of REV7 and active compounds reached equilibrium aer 10 ns of the simulation phase revealed by RMSD, which showed that the trajectories of the MD simulations for all of the complexes aer equilibrium are reliable for further analyses. All of the representative complexes showed that although the 'safety-belt' have a big uctuation, the 2-methylfuran moiety stay in the pocket 1, without skidding out to pocket 2 through the 'throat', which support our hypothesis of binding mode shown in Fig. 3F .
Conclusion
In the present study, the binding pattern of REV7/REV3L protein interaction and its rst series of inhibitors were investigated by using molecular docking, molecular dynamics as well as MM/PBSA free energy calculation. Molecular docking revealed that all active compounds (7, 13, 14R/S, 15R/S) bind to the two pockets divided by 'safety-belt' structure of REV7 and the bindings were found to be stable throughout MD simulation. The hydrophobic contacts were mainly responsible for stable complex formation as revealed by the vdW energy and Ligplot analysis. 2-Methylfuran is an appropriate group to both passing through the 'throat' and form a stable complex with REV7 in the 'safety-belt' region.
The recently identied inhibitors for REV7/REV3L protein interaction provided hope for developing small-molecule inhibitors targeting Pol z for the treatment of chemotherapyresistant tumors. Limited activity data, as well as lacking of 3D structure of uncomplexed REV7 make it difficult to investigate the binding mechanism. However, the present study still provides important structural insight into the binding mechanism of REV7 and its inhibitors which will facilitate further anticancer drug design and development that targeting inhibition of REV7 protein interaction.
